Abstract -In the realm of natural products, the more important objectives of crystallography are the elucidation of the structural formula, particularly when many asymmetric centers are present or when unusual linkages occur, and the determination of the preferred conformation of flexible molecules. The former objective is illustrated by the unusual formulas .established by single crystal x-ray diffraction analysis for the potent toxins secreted in the skins of tropical American frogs. Some of these toxins are steroidal alkaloids, while others contain novel allenie and acetylenic substituents on a spiro ring system or on cis-decahydroquinoline. For the latter objective, studies on cyclic peptides have established the existence of stable multiple conformations, a variety of intramolecular hydrogen bonds, and intricate conformational changes upon complexation.
The analysis of crystal structures by x-ray crystallography has become indispensable in a large number of diverse scientific disciplines ranging from metallurgy and mineralogy to molecular biology. The objectives extend from the very practical, i.e. establishing which atom is bonded to which in a particular substance, to the very fundamental, e.g., the distribution of electron density in covalent bonds. For the chemist dealing with natural products and other organic substances, one of the more important uses of crystallographic investigations is the elucidation of the structural formula of a natural product, a reaction intermediate or a photorearrangement product, especially when the substance has unusual or previously unknown chemical linkages or a large number of asymmetric centers. In such instances, other means of analyses often cannot establish the structural formula or distinguish among several equally plausible possibilities.
Another objective of crystal structure analysis is the determination of the preferred conformation of flexible molecules such as oligopeptides. Gonformation is often the key to reaction mechanisms and reaction rates. As a bonus, from a single crystal structure analysis, in addition to the structural formula, stereoconfiguration and conformation, fairly exact values are obtained for the bond lengths, bond angles and torsion angles with standard deviations of O.OlA, 0.5° and 1.0°, respectively. Such values serve as norms for postulating modele and conformations for amorphous substances, substances in solution and otherwise non-crystalline materiale. Some 14,000 crystal structures of organic and metal organic molecules have been described in the literature. Most of these structures have been reported in the last few years (Ref.l). The great proliferation is due mainly to four factors: the introduction of high speed computers, the development of automatic diffractometers for rapid data collection, the direct method for phase determination particularly for substances containing only light atoms, or many heavy atoms, and the appreciation that vast amounts of chemical and physical information become available with the expenditure of relatively little effort.
A primary requirement for a crystal structure analysis is a single crystal of sufficiently good quality to diffract a beam of x-rays to reasonably high scattering angles so that a large number of reflections can be measured. Bach reflection is characterized by four values, h, k, 1 and I, where h, k and 1 are the indices of the plane in the crystal from which the diffraction occurs and I is the intensity associated with the reflection. A typical diffraction pattern recorded photographically is illustrated in Fig.l . Currently most x-ray data are collected on automatic diffractometers with counters rather than film. These data are used in the electron density function weight and thermal factor analysis from the x-ray data. An electron density map computed from the differences between the observed structure factors and those calculated on the Thus the structural formula of a completely unknown substance has been established quite directly without any assumptions or prior knowledge and without the introduction of a heavy atom marker. At the same time, much other information is obtained at no extra effort, such as the stereoconfiguration about the four asymmetric carbon atoms, the bond lengths, bond angles, conformational angles, hydrogen bonds, if they exist, packing modes, etc.
The changes that took place upon irradiation are shown schematically as follows: Again, the structural formulas of both ~ and ~ were established by crystal structure analyses (Ref.l5). As indicated, dimer 9 is more stable than dimer 8 since the reaction is not reversible, although the cage in dimer 8 is more symmetrical than the cage in dimer 9. A possible.mechanism for the rearrangement from the four-membered ring in~ to the three~ membered ring in~ is as follows:
An interesting observation is that the bond lengths in the area of rearrangement are much larger than normal in the intermediate, less stable dimer and are reduced to more normal values of 1.52-1.53A after rearrangement.
BIOSYNTHESIS
Biosynthesis of the mesembrine alkaloids occurring in Sceletium strictum, a South African succulent, begins with phenylalanine and tyrosine. It proceeds through many steps, some of which are indicated here, and finally produces the four congeners !Q., !!" 12 and 13 (Ref . 16 ).
All the formulae were established by chemical and apectroscopic means except for product 13 which occurred in a very small amount. The formula remained in doubt until a minute aingle cryatal was grown and subjected to x-ray diffraction analysia (Ref.l7). As a bonus, the orientation o~ the dimethoxyphenyl moiety with respect to the fused rings was revealed, as well as the mode of puckering in the five-and six-membered rings, as shown in Fig. 5 . The five-membered ring ia in the classic envelope conformstion with four coplanar atoma and the fifth atom 0.62A out of the plane, while the six-membered ring which contains one unsaturated bond and a carbonyl carbon also assumes an envelope conformation with five atoms nearly in a plane and the sixth atom out of tbe plane. 
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1. pumiliotoxin A, The formula of pumiliotoxin C 18 (Ref. 28) , reminiscent of conine (from a plant source), contains a ~ring junction, as has been also found in 17. The structural formulas of pumiliotoxins A and B have not yet been elucidated and thus far it has not been poasible to prepare crystals of these substances. Since some species of Dendrobates contain both histionicotoxins and pumiliotoxins, it is believed that both classes of alkaloids have the same precursor.
These alkaloids from the poison arrow frogs have become valuable tools for studying neurotransmission events in synapse and muscle. The batrachotoxin is associated with an irreversible increaseof membrane permeability to Na+ ions and is an antagonist to tetrodotoxin activity (Ref.l8).
CYCLIC PEPTIDES
The emphasis in this lecture thus far has been upon elucidating the structural formula and configuration. Por many natural products, the molecular formula is readily derived from spectral data and/or chemical activity. The challenge lies in establishing the conformation, particularly for flexible molecules such as the cyclic peptides. These substances occur in nature and many of them have antibiotic, ion transport and other useful physiological properties that are associated with the manner of folding of the peptide backhone and side chains.
Coincidentally, cyclic hexaglycyl, the first cyclic peptide for which the crystal structure and conformation were determined (Ref. 7) , was also one of the first substances whose structure was determined by the direct method of phase determination. This crystal proved to be particularly interesting since there were four independent molecules in the cell, not related by symmetry. Thus, there were 98 atoms (aaide from hydrogen atoms) that needed to be located. It proved to be a very unusual crystal because the molecules assumed four different conformations, side-by-side, in the same unit cell. Pigure 8 illustrates the packing of the molecules in the unit cell while the four different conformers are shown individually in Pig. 9. This determination established that molecules can exist in more than one stable conformation, thus indicating that there is very little difference in energy between a number of different conformers.
Pig. 8. Packing of cyclic hexaglycyl molecules in a unit cell (Ref.7).
Pig.9. Pour conformers of cyclic hexaglycyl occurring in the unit cell in Pig. 8.
The conformer illustrated at the left of Fig. 9 has two intramolecular hydrogen bonds, often called ß-turns, ß-bends or 4-1 bonds. This type of folding is a CODDDOn feature in many.linear peptides and proteins and this determination provided the parameters needed for model building, minimum energy calculations, comparison with spectroscopic data, etc. generally quite planar, an accommodation haa been made in thia aubat~nce so that ring closure could be effected. A rotation has taken place about each C'-N bond from 1800 (trans, planer) to valuea of +1620, -1660 +156° and -164°. and planar while the fifth one is trans and non-planer with a rotation of 160° about the
Cs-Nl bond, comparable to the non-planer peptide units in dihydrochlamydocin. The c-pentapeptide also conteins a 4-1, type II, hydrogen bond.
In the folding of the backbone of cyclic peptides, s~l intramolecular hydrogen bonds, encompaasing 13 atoms, have also been observed. Figure 15 shows the details of such bonding in complexed valinomycin (Ref . A comparable 5~1 hydrogen bond, Where all the residues are ~ has also been observed in uncomplexed antamanide, which will be discuased later in the manuscript. Meanwhile, Fig. 16 shows a view of the conformation of valinomycin. The molecule conteins a 36-membered ring that loops up and down in a ainuaoidal faahion and that is stabilized by four 4 -1 and two 5 -1 hydrogen bonda • The la tter two bonda transverse the flattened ring. It would be useful to establish certain norms of conformational behaviour for peptide molecules. Thus far, however, each new structure dete.rmination ·reveals some unexpected features such as a new configuration for internal hydrogen bonds, nonplanar peptide units, cis peptide groups or unusual folding or unfolding of the peptide chain.
COMPLEXED AND UNCOMPLEXED ANTAMANIDE Antamanide, a cyclic decapeptide found in the poisonous green mushroom Amanita phalloides, has the following sequence: Antamanide forms alkali-metal complexes with a strong preference for Na+ over K+ ions.
The alkali metal complex is most stable in a lipophilic environment. The chief objective of the present research was to establish the conformation of the uncomplexed antamanide and the changes in the folding or unfolding of the peptide backhone that accompany the alkali complex formation. Knowledge of the conformation and changes in conformation accompanying complexation or change in the polarity of the solvent may aid in the understanding of the binding to receptor sites and may serve as a.model for ion carriers.
The conformation of the Na+ complex of a biologically active synthetic analog of antamanide is shown in Fig. 18 (Ref.44) . There are a number of Unique features to notice: (1) The peptide backband (darkened bonds) is folded into a shape resembling the periphery of a saddle. (2) Peptide units have usually been found to be planar and to have the ~ conformation. Here, eight of the peptide units are trans, but two of them have the cis conformation (see e.g. the cisamideband between the ca(7) and ca (8) ; similarly for---ca(2) and ca(3)). A survey-clif peptides containing cis amide bonds (Ref. 32) indicates that the cis bond occurs only in those peptide unit~hat have a substituted N atom, e.g., in sarcosine or proline. However, peptide units with a substituted N atom do not necessarily have the cis conformation, as is illustrated in this molecule, where two prolyl residues occur~ the cis conformation and two other prolyl residues occur in the trans conformation. (3) The Na+ resides in a cup formed by the folding of the peptide chain. It is liganded to four carbonyl oxygen atoms of the peptide. A fifth ligand is formed with the 0 atom of a solvent molecule, ethyl alcohol in this case. Thus the Na+ is pentacoordinate.
The polar cavity is plugged with a solvent molecule and the lipophilic end of the solvent molecule completes the lipophilic exterior surface. (4) The side groups, particularly the phenyl groups, are folded up against the molecule, to make a compact spheroidal shape. Two phenyl groups on two phenylalanine residues are omitted from this drawing for clarity. They fold up against the molecule in front and in back. (5) There are six NH groups available for hydrogen bonding. Two of them enter into·intramolecular hydrogen bonds (indicated by the dashed lines) of the 4~1 type previously described. Two others participate in hydrogen bonds between molecules, and two NH groups do not participate in any hydrogen bonds at all. Now we turn our attention to uncomplexed antamanide. From spectroscopic evidence in solution, it is known that the conformation is quite sensitive to the polarity of the solvent (Ref, 47) . The crystal used for the x-ray diffraction analysiswas grown from a mixture of n-hexane and methyl acetate, a very nonpolar solvent. In Fig.l9 (Ref.48) , it is immediately obvious that the ring in antamariide has become unfolded; in fact, it is completely elongated, The only features of the conformation that are similar to the alkali complex are the pairs of adjacent prolyl groups, one ~. one ~· Two NH groups make hydrogen bonds with carbonyl oxygens across the ring. Again, this is a different mode of hydrogen bonding than any that has been observed earlier.
It is a 5+1 type with all L-residues with the middle peptide unit in the ~ conformation.
A very interesting feature of this structure are the three H 2 0 molecules residing in the interior. They form hydrogen bonds with four of the six NH groups of the molecule and account for the relative rigidity of the 30-membered peptide ring.
These water molecules appear to be an integral part of the peptide molecule since they have been retained even after extensive drying of the antamanide and the use of an extremely nonpolar solvent.
This molecule can indeed be considered as an H 2 0-complex, · ·
The three water molecules reside in a shallow cup with the hydrophobic side chains forming a wall around them. Again all the side groups fold up against the peptide ring to make a very compact globular entity. It seems unlikely that the uncomplexed molecule in this conformation recognizes a Na+ ion, rapidly releases its H 2 o and folds up to engulf the Na+ ion. Antamanide crystals have now been prepared from various polar solvents for an x-ray diffraction examination.
We shall have to wait for a while to see whether the conformation obtained from polar solvents will be closer to that of the alkali metal complex.
